This paper aims to investigate the aerodynamics including the global performance and flow characteristics of a longshrouded contra-rotating rotor by developing a full 3D RANS computation. Through validations by current experiments on the same shrouded contra-rotating rotor, the computation using sliding mesh method and the computational zone with an extended nozzle downstream flow field effectively works; the time-averaged solution of the unsteady computation reveals that more uniform flow presents after the downstream rotor, which implies that the rear rotor rotating at opposite direction greatly compensates and reduces the wake; the unsteady computations further explore the flow field throughout the whole system, along the span and around blade tips. Complex flow patterns including the vortices and their interactions are indicated around the blade roots and tips. For further identifying rotor configurations, the rotorrotor distance and switching two rotor speeds were studied. The computation reveals that setting the second rotor backwards decreases the wake scale but increases its intensity in the downstream nozzle zone. However, for the effect of switching speeds, computations cannot precisely solve the flow when the rear rotor under the windmill because of the upstream rotor rotating much faster than the other one. All the phenomena from computations well implement the experimental observations.
Introduction
The requirements of miniaturization and high hover performance of unmanned aerial vehicles (UAVs) result in a very low working Reynolds number for rotors, which is nearly close to the flight Reynolds number regime 10,000 to 50,000. 1 Under such low Reynolds number, the rotor's flow field and aerodynamics are easily affected by the turbulence intensity and surface roughness, which is distinguished with the conventional rotor (Reynolds number is bigger than 10 6 ). Its viscosity effects and unsteady effects tend to be more significant, compared to the flow passing through a conventional rotor. [2] [3] [4] It easily brings the aerodynamic problems such as laminar separation bubble, nonlinear effect of lift coefficient, and static delay effect, which consequently degrade the aerodynamic performance of the rotor. Although the researchers tried to optimize the airfoil for the low Reynolds number flight and already made some achievements on improving the rotor efficiency, the figure of merit (FoM, currently maximum is about 0.6) is still lower than that of a conventional rotor (currently maximum is about 0.8). 5, 6 Therefore, further investigations on the lift-enhancement are urgently required. One of possibilities is the unconventional lift configuration.
The configuration-shrouded contra-rotating double rotor (i.e., shrouded double rotor (SDR)), which consists of two contra-rotating coaxial rotors and a shroud with a cross-sectional profile as an airfoil, was identified to improve the hover capability of MAVs. Compared with free rotors, it was proved that putting rotors into a shroud with the same axis as the shroud can effectively increase the hover performance. [7] [8] [9] [10] There have been researches for larger ducted counterrotating rotor used on the turbomachinery which works in a relatively high Reynold number. 11 However, operating in a low Reynolds number, such configuration still has many aerodynamic problems such as the transition from laminar flow to the turbulent flow at the inlet, which can aggravate the unsteady features of the flow. 12, 13 Meanwhile, due to the configuration, the interactions among different components result in a very complex flow. Therefore, in order to reveal the potential aerodynamics and flow features, computations become necessary as a supplementary approach to current experiments.
This paper aims to develop reliable numerical methodology to study the topology of the flow which takes place among different components under the viscous effects. This analysis supports the conclusions revealed by the experiments conducted by Chao Huo. 14 The SDR model used in the experiments consists of a 180-mm-main-inner-diameter shroud and two-bladed rotors installed at the same axis. Huo et al. 10 made the early experiments regarding the shroud model, which was proposed by the two-dimensional axisymmetric simulations. 15 The contra-rotating rotor was specifically designed for shrouded systems by Drela and Youngren 16 with nonzero circulation at the blade tip. The detailed geometrical parameters of both shroud and contra-rotating rotor can be found in Huo et al. 14 In the study by Huo et al., 14 the experimental test bed was designed to understand the flow physics and the interaction between different components of the shrouded contra-rotating rotor, as shown in Figure 1 . The test bed can not only test the individual performance parameters such as thrust and torque, but also measure the evolution of aerodynamic variables that characterize the flow passing through the shroud, such as total and static pressure. From the results, it is found that both the FoM of contra-rotating rotor and the system power loading are improved by the shroud inclusion. Compared to free rotors, the strong suction peak formed on the shroud leading edge by a 65% increase in mass flow, allowing the shroud to contribute up to 56% of the total thrust.
The shroud presence increases the complexity of the flow due to interactions between the shroud and rotors. Focusing on the shrouded single rotor (SSR) system, Akturk and Camci made a thorough investigation on system design issues, global performance assessments, and the flow field such as the tip clearance flow through both experiments and computations. [17] [18] [19] [20] A customdeveloped rotor disk flow model was used to accelerate 14 the viscous flow computations. A prescribed static pressure rise was applied across the rotor disk for a time efficient simulation. This computational method was proved by the experiments that it can be highly effective and time efficient for SSR. Regarding the shrouded contra-rotating rotor, Ahn and Lee also developed a computational model which applied actuator disk for an axisymmetric ducted fan system. 21 Actuator disk is considered as an infinite thin disk with a certain pressure jump on both sides of the disk to replace the real rotor. Their results showed increasing diffuser angle of the duct improved the propulsion efficiency of the ducted fan system, while the inlet geometry had little effect on it. Since 2003, in ISAE France, the department of the aerodynamic, propulsion, and energy has conducted many studies on both experiments and computations for shrouded contra-rotating MAVs. Thipyopas et al. tested the hover performance and horizontal forward flight characteristics of a shortshrouded coaxial configuration applied on MAV "Satoorn." 22, 23 Their study indicated that the optimization happens when both rotors produce approximately identical thrust, almost same pitch angle, and the rear rotor rotating relatively faster than the upper rotor. Parallel to their experiments, Grondin et al. made numerical simulations to calculate the flow field around the shroud. 24 An actuator disk method was also used. The results agree well on total lift induced by the mass flow through the rotor, but power comparisons show great divergences due to disregard for swirl flow and rotor losses. Currently, Han and Xiang compared the performance between a microscale shrouded coaxial rotor and an open coaxial rotor through both tests and computations. 25 Their work mainly focused on the system global performance and the influence of some typical design parameters.
Compared with SSR, the shrouded contra-rotating rotor involves more complex flow interactions, not only between the shroud and the rotor, but also between two rotors. There are limitations for current computations which mostly used actuator disk for SDR system. The actuator disk method ignores the number of blades, the rotation effect, the flow viscosity over the rotor surface, and the interactions among different components. Therefore, the real rotors with rotating motions must be considered in order to explicit the aerodynamic performance and flow characteristics of the SDR system. Different from most present works, this paper focused on the development of a fully unsteady 3D ReynoldsAveraged Navier-Stokes (RANS) computation methodology which concerns on the actual double rotor configurations. First, the paper discussed different multiple reference frame methods-mixing plane and sliding mesh, and compared two definitions of computational fields. Based on a well-defined structure mesh, the computational methodology was validated by our experiments; the aerodynamic performance and flow characteristics of a SDR system were further analyzed for implementing current experiment results through numerical computations. To identify and further improve the double rotor configuration, the effects of rotor-rotor distance and switching speeds were also explored numerically.
Methodology of 3D computation
With regard to the experimental work, 14 the best performed SDR system with the upstream rotor located at 80 mm from the inlet and inner rotor distance (IRD) of 20 mm was also chosen in the computation work. As the SDR system involves two rotors rotating at the opposite direction, it needs two reference frames to define each rotating motion, as shown in Figure 2 . The SDR system is separated into four parts. On the interfaces between rotating zones, there are usually two methods-mixing plane and sliding mesh, which can treat the transformation of vector quantities. Obviously, the flow at the boundary between adjacent zones of rotor-rotor (R/R) is not radially uniform, and the sliding mesh is then a general approach for such case. Based on a final, time-periodic solution, the data should be time averaged during one period for the steady performance analysis of the system. Comparing with sliding mesh, the mixing plane method is used only for calculating steady flow, but it sometimes would be more complicate if the flow is not radially uniform. In this paper, sliding mesh method was chosen. Hence, the shroud upstream and downstream zones should be further adjusted according to the requirement of the boundary conditions.
Computational field and boundary conditions
The computational field is composed of the air entrance, the rotor zone, and the exit downstream zone. The boundary condition "total pressure" was imposed at the inlet. However, at the geometric inlet, the flow accelerates near the leading edge due to the shroud lip curvature and therefore is not uniform. Different definitions of the inlet geometric parameters were discussed in Jardin et al., 13 which proposed a homokinetic normal inlet surface model to ensure the uniform flow features at the inlet boundary. Therefore, in this work, a semispherical geometry which is big enough with a radius of 2.5 times rotor radius Rr was introduced on the top of the shroud geometric inlet. For the downstream zone, the "static pressure" outlet boundary condition brings a trouble to define the location where the exit is, because the turbulence is significant at the mixing flow boundary of the exhaust flow and the ambient flow, which can easily induce a reversed flow. Therefore, the computational downstream domain was firstly considered as the shroud nozzle. Meanwhile, since the effect of the outlet imposition is not sure, another computational field was defined as a truncated cone shape to allow the uniform flow features at the nozzle exit. These two-defined corresponding computational zones for air expanding will be further analyzed through the computations.
Two definitions of computational fields with correspondent boundary conditions are given in Figure 3 . For the computational field with an extended downstream truncated zone, in order to avoid the reverse flow which might cause nonphysical phenomenon, a very small velocity of 0.5 m/s was imposed on the top and side surfaces of the truncated zone.
Mesh
Based on the computational fields defined above, structured meshes were made through ICEM separately for upstream zone, two rotating zones and downstream zone, seen in Figure 4 . For the rotating domains, as the effects of the boundary layer and the turbulence have to be revealed, two "O" grids were used to refine the mesh on the shroud wall and the hub. Meanwhile, due to the sharp shapes of the leading edge and the trailing edge at the blade tip, "Y" grid was used to avoid the mesh distortion. Totally, the cells used are approximately 6 million elements with a Yþ controlled lower than 5 around the wall and the blade.
Numerical models
Some basic characteristics of the SDR system such as flow compression and turbulence should be firstly identified. For SDR system in this work, the maximum Mach number at the blade tip is about 0.25 under the condition of maximum rotational speed of 9000 r/min and blade radius of 0.089 m. The flow can be thus considered as incompressible. Meanwhile, based on the characteristic velocity of 10 m/s provided by experiments and the characteristic length of 200 mm (correspondent to the shroud length), the system Reynolds number and blade Reynolds number are calculated to be about 85,000 and 40,000, respectively, which are much larger than 3000-the separation for turbulent and laminar flow. The flow is undoubtedly turbulent. Comparing with other turbulence simulation methodologies such as Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS), unsteady RANS is more efficient and has less requirements for the mesh. Therefore, with the commercial code Fluent, 26 a fully steady 3D RANS computation was firstly conducted. Then its solution was applied as an initial condition input for unsteady RANS (URANS) simulations. A "pressure-based" solver and Spalart-Allmaras (S-A) turbulent model were chosen. Due to the huge amount of mesh cell number, S-A turbulent model is economic in terms of time cost and computation resource. Meanwhile, it was designed specifically for aerospace applications involving wall bounded flows. S-A turbulent model is known to have good results for boundary layers exposing adverse pressure gradient. It is suitable for mildly complex external and internal flows and boundary layer flows under pressure gradients. A coupled scheme was used for the pressure-velocity coupling equation and the spatial discretization recommends using the scheme of the second-order upwind. The solution of the computation was considered "converged" when the residual is in the order of 1.0e-6 and a regular periodic change of one typical quantity such as lift coefficient Cl presents.
Validations
The computational methodology was firstly validated by our experiments.
14 One main objective of the experiments was to explore the aerodynamics of the micro shrouded contra-rotating system. At a certain range of rotational speed, the global performance such as thrust, torque, and power, the pressure distributions along the shroud wall, and the total and static pressure fields at several selected longitudinal stations of the system were explored by experiments. To further enhance the ability of a given shroud to aspirate the air, various rotor speeds and different rotor locations were tested to examine the shroud local aerodynamic effects through both wall pressure and field pressure measurements. Some results obtained by those tests were applied to validate the simulation in this paper. The detailed information about the experimental setup, program, and data can be found in Huo et al. 14 
Comparison between two computational fields
The two computational fields were calculated under the contra-rotational speed pair N 1 =N 2 =6000 r/min. In order to speed up the computations, the 3D computation with sliding mesh method was started with a relatively large time step 5.55 Â 10 À4 s. At each step the system rotates 20 . This was used in the first five circles until the periodically stationary solution appears. Then a smaller time step 5.55 Â 10 À5 s which allows the system to rotate 2 was used to obtain more precise solutions. For the first computation, when a stable periodic solution appears, the time step was changed to an even smaller one 2.78 Â 10 À5 s. Comparing two small time steps 5.55 Â 10 À5 s and 2.78 Â 10 À5 s, the periodic solution does not show any difference. Therefore, the time step 5.55 Â 10 À5 s was chosen as the one which can obtain the precise solutions. As shown in Figure 5 , based on the final periodic revolutions independent on time, the time-averaged solutions were calculated during one period. Table 1 shows that the mass is conserved at the inlet and exit for both computations. Compared to the computational field without nozzle downstream zone, the computational field with extended zone can obtain the mass flow more than 1%. This is caused by the ambient pressure on the actual nozzle exit, which affects the upstream flow condition. This should be further identified through a detailed analysis of the result. Figure 6 presents the mean static pressure distributions on the symmetric surface in the downstream of the rotor for two computational fields. It should be noticed that the "mean" data showed in the figures is the time-averaged solution of unsteady computations. Figure 6 shows that for the computational fields without an extended downstream zone, the imposition of an ambient pressure on the nozzle exit leads to a movement of the relative zero pressure to the position parallel with the hub. Meanwhile, the computational field with an extended downstream zone has a relatively lower pressure distributed at the exit.
Through extracting the data on a specific line 20 mm up from the nozzle exit, Figure 7 shows the comparisons on the mean static pressure between the calculations of two computational fields and experiments. In Figure 7 , there are two sets of experimental data: one is from the static pressure test on the axial station by static pressure probe; the other one is from the shroud wall pressure test by the pressure transducers. It presents that the static pressure coefficient from the computation with a downstream extension zone is closer to the experimental date, compared to the Computational Fluid Dynamics (CFD) results without a downstream zone. However, the difference between CFD and experiments becomes evidently when close to the shroud wall. This is due to the pressure probe used in the test. The probe modifies the local flow when it is close to the shroud wall, the so test precision near the wall is thus decreased.
Therefore, comparing with the computation in which the pressure boundary is imposed directly at the actual shroud exit, globally the computation with an extension of the downstream zone shows a more similar trend of static pressure radial distribution with experiments. Their slight difference around the major radial positions basically comes from the mass flow generation, which will be explained in the next section. The computational flow field with an extension downstream zone of the nozzle was therefore chosen for the following computations and analyses.
Validation on the final numerical methodology
Based on the computations of the computational field extended in the downstream, this section aims to validate the computation through experiments. A suitable reference for the validation should be decided in advance.
According to the actuator disk theory, the pressure jump ᭝P formed on both sides of the rotors can be used as a function of rotors to generate a mass flow and quantify the rotor thrust (F R =᭝P/A R ), while the shroud performance greatly depends on the mass flow rate _ m. The system behaviors are thus basically steered by these two variables ᭝P and _ m. However, these two parameters have different relations with the rotational speeds, as shown in Figure 8 , which gives multiple possibilities to choose a reference for the validation of 3D computations. Furthermore, Figure 8 shows the cases at P.1 and P.2 have the same rotational speeds but generate different mass flow _ m 1 and _ m 2 . Comparing the cases at P.2 with the one at P.3, they are in different speed levels but generate the same mass flow. Similar comparisons among those three points on the relationship between the rotational speed and the pressure jump can be derived. Therefore, both the rotational speed and the mass flow were chosen as references for validations in this work.
Validations on the global performance parameters. Table 2 gives an overall view on the global performance comparisons between CFD and experiments under two references: one is the same rotational speed 6000 r/min; the other is almost the same mass flow around 0.326 kg/s generated by a rotational speed pair of 5790 r/min. Here it should be mentioned that the same mass flow as experiments is quite difficult to be obtained in terms of the computation, as it requires huge iterations. Globally, under the same mass flow input, the computation provides quite consistent solutions with experiments. The differences on the various performance parameters between CFD and experiments are all lower than 5%. On the contrary, comparisons of the same rotational speed show bad agreement on the performance. The difference on mass flow 3.1% brings a large variation on the shroud thrust of 16.9%. The upper rotor generates 15.5% thrust more than in experiments due to a possible blade distortion, which cannot be considered in CFD.
Validations on the flow field. Figure 9 presents the distributions of total pressure coefficients along the radial positions on two chosen axial planes upstream (20 mm from the inlet) and downstream (40 mm from the rear rotor) rotors for both computations and experiments. We can see, before two rotors, that the total pressure at two rotational speeds is almost the same. In the downstream rotors, due to a greater power input, the flow at 6000 r/min provides a greater total pressure than the one at 5790 r/min. In general, both computations can well solve the flow. And the computation with the same mass flow can provide a more similar solution with the experimental data in the downstream rotors, compared with the computation with the same speed 6000 r/min. It should be noticed that a relatively big difference always appears at the positions near to the shroud wall where r/R max is close to 1. The effect of the boundary layer is more significantly in computations. The reduction of total pressure near the wall is more evident on the plane before rotors. This may be due to two aspects: first, the application of turbulent model Spalart-Allmaras with one equation has relative lower precisions on solving the boundary layer; second, before passing the rotor passages, the flow has not been accelerated sufficiently and it behaves more like laminar, under which the flow is highly dominated by viscosity. Similarly, Figure 10 shows the distributions of static pressure coefficients for both computations and experiments. Compared to the total pressure, the global consistence of the static pressure distribution especially at the axial planes after rotors is relatively worse. This might be caused by the complexity of the wake which decreases the precision on solving the static pressure. Obviously, comparing with the same rotational speed, the same mass flow input can provide more similar solutions on the static pressure as the tests. However, at positions near the shroud wall, there is great difference between computations and the experimental data tested by the static pressure probe. This is because the measurement precision is decreased when the probe is close to the shroud wall. Such problem does not exist in the static pressure tests by the shroud wall tubes connected to pressure transducers. Better agreement for computations is thus obtained with the data tested by the shroud wall tubes.
In general, the computation agrees the experiment better under the same mass input compared to the reference of rotational speeds. All the validations on the global performance and flow field indicate the computation can effectively work. The computation can be applied to explore the potential steady and unsteady characteristics in order to understand more about the system as a complementary approach for experiments.
Numerical explorations on system performance
For the analysis of the hover performance of the SDR system in the study by Huo et al., 14 there are limitations for current experiments: first, due to the limited space and strong flow interactions between rotors, the probe is hard to test the flow at the middle plane of two rotors. The flow characteristics between rotors are thus not clear; second, the experiment was actually two dimensional since it cannot take the radial component of the flow into account; third, the flow features revealed by experiments were still from a global view. The flow field was not explored in detail due to the limited test facilities and huge time cost. Therefore, in order to complement the experiments and provide a throughout understanding of the SDR systems, this section aims to explore the detailed flow characteristics of the SDR system through a full 3D numerical computation that was validated above. 
Steady flow characteristics
To explore the flow development in detail, five isolated surfaces along the shroud axis were chosen at the same positions as the ones in experiments: four planes located 20 mm, 60 mm, 90 mm, and 140 mm from the inlet, respectively, and the outlet. In this section, the analysis on the aerodynamics of the system was based on the time-averaged solution of the unsteady computation. The flow passing on those surfaces complements the understanding of the system from the experiment.
Based on the time-averaged solutions, the radial distributions of the mean static pressure on five surfaces introduced above are presented in Figure 11 . The mean static pressure distribution shows a smoothly decrease from the axial center to the shroud, and the negative pressure is formed over the entire inner surfaces of the shroud due to the flow acceleration. On the surface Y ¼ 20 mm, the mean static pressure has the most significantly radial variation about 50 Pascal compared to other surfaces because of the greatest profile curvature near the entrance. The relatively low pressure continues to the upstream rotor. From the surfaces Y ¼ 20 mm to 60 mm, the flow is depressed and accelerated by narrowing shroud passage, which leads to a further decline of the pressure. Through two rotors, the pressure is followed by a dramatical increment. On the surface at Y ¼ 90 mm between the two rotors, the mean static pressure around the radial position 0.86 R max dramatically decreases, which might be the loss caused by the tip vortex. This loss is quickly compensated by the contrary rotation of the rear rotor. It can be observed through the distribution on the surface Y ¼ 140 mm, where there is no such great radial change between the tip and the hub. Obviously, more uniform flow presents after the rear rotor. At the outlet, the flow is slightly over-expanded and the static pressure is a bit lower than the ambient pressure. Figure 12 shows the mean total pressure distributions. Until the upstream rotor, the flow is quite uniform except the region around the shroud boundary layer and the hub, where the total pressure is dramatically decreased and lower than zero. The viscosity causes a great pressure loss near the wall. After the first rotor, the losses become more pronounced near the shroud wall and the hub which is mainly caused by the vortex. The detail information about the flow pattern will be explored in the following sections. Behind the rear rotor, the total pressure reaches the highest in the main region due to the power input by the rotor rotation. At the outlet, the pressure around the shroud and hub is close to the ambient pressure, which implies the definition of the computational downstream zone is reasonable.
Along the whole shroud passage, the flow development can be observed in Figure 13 . The rotor rotation aspirates the flow and accelerates it at the entrance due to the shroud profile curvature. The axial velocity is uniform in the main region but decreases near the wall due to the viscosity. After the double rotor, the nozzle diffuser expands the flow and thus the axial velocity is decreased.
Typical unsteady flow patterns
As introduced at the beginning of the paper, the low Reynolds number makes viscous effect and unsteady features of micro shrouded rotors significantly, which can greatly attenuate the rotor performance. To further identify the performance of the SDR system, this section aims to explore the typical unsteady flow patterns of the SDR system from following aspects: tangential velocity, the flow along the span, and the flow at the blade tip. The solutions at four different times which equally divide one period (0.0025 s) were presented in the analysis of the unsteady flow.
Tangential velocity. The component of velocity-tangential velocity is a typical quantity to characterize the rotating motion of the flow. On the three selected isosurfaces from the upstream to the downstream rotors, Figure 14 shows the tangential velocity distribution during one period.
As shown in Figure 14 , a circumferential distribution no longer exists in unsteady flow. For all the surfaces, it can be observed that the relatively great tangential velocity is distributed around the blade and follows the rotation of the blade during the whole period. Without the effect from the upstream rotor rotation, on the surface Y ¼ 60 mm the tangential velocity is almost around zero except a small tangential velocity presenting around the blade. On the surface between two rotors, the flow is accelerated under the rotation of the upstream rotor. The tangential velocity near the blade becomes significant. However, it is followed by a dramatical decrement on the surface Y ¼ 140 mm. Comparing all the stations, the most evidently tangential velocity is formed at the surface just after the upstream rotor. This is modified by the rear rotor which rotates in the opposite direction, seen in Figure14(c). It should be noticed that another region close to the hub has strong tangential component of the velocity. It implies that a complicated flow pattern not only exists around the blade tip but also the blade root.
Flow along the span. To understand the flow between rotors, Figure 15 presents the vorticity contours at three spanwise stations 0.2 Rr, 0.75 Rr and 0.96 Rr at one specific time of 4/4T, when the upstream rotor rightly overlaps the downstream rotor and the interactions between two rotors is relatively strong. At the span of 0.2 Rr, both rotors have a trailing vortex. The flow of the trailing wake from the upper rotor is strongly engaged into the vortex generated by the lower rotor. Especially for the downstream rotor, the wake is extended with a downwash velocity. At the position of 0.75 Rr, the trailing vortices from both rotors are separated into two. Comparing to the location 0.2 Rr, the flow passing through the downstream rotor at 0.75 Rr suffers little influence from the upstream one. At the span position of 0.96 Rr, the vortex impinging into the vortex of the downstream rotor appears again. The vorticity magnitude becomes significant due to the wake in the downstream shear region and the effects from the shroud wall boundary layer. The strong vortices and their interactions between rotors are the main reasons that cause the total pressure loss around the blade tip and root, as shown in Figure 12 .
Flow at the blade tip. Due to the variation of velocity along the span, a pressure gradient is formed on the blade surface. The pressure on the suction surface differs from that on the pressure surface greatly so that tip flow generates. For unsteady flow, the vortex generated in the system was indicated to be one of the critical sources resulting in an aerodynamic loss. 22 Therefore, it is important to clear such vortex pattern, position and scale for the SDR system. Figure 16 indicates the helicity on several surfaces along the blade chords of both upstream and downstream rotors during one period. For both rotors, typical vortex structures around the blade tips have quite similar features: In general, the tip vortex grows from the leading edge to the trailing edge. Due to the flow separation developed along the chord direction, a complex tip vortex is produced and a secondary vortex is generated on the suction surface. Meanwhile, with the vortex development along the chord, the secondary vortex is crashed into the tip vortex more and more. Finally, they are formed into one with a relatively large scale. Comparing the vortex around both blades, because the downstream rotor rotates under the effect of the swirl flow produced by the upstream rotor rotation, globally the intensity of the downstream vortex is greater than the one formed at the upstream blade tip. To view the flow on two rotors separately, it can be observed that for upstream rotor, the vortex structures have no obvious change during a whole period. This implies that the blade is hardly affected each other since the rotor only has two blades. Furthermore, the upstream rotor is not affected by the downstream rotor either, which is different from the downstream rotor. During one period, although the vortex pattern keeps quite similar, the vortex intensity varies with time. At the time of 4/4T (see Figure 16 ), when the upstream rotor rightly overlaps the downstream one, the downstream tip flow is under the strongest influence from upstream flow, the vortex intensity is greatest compared to other moments.
As introduced above, the vortex is one of the main sources causing the aerodynamic loss. One of the typical vortexes is blade tip vortex. For open rotor systems, the tip vortex can cause a big pressure loss and then decrease the rotor efficiency. However, the shrouded system can effectively minimize the loss because the shroud can limit the development of the tip vortex. Figure 17 gives a good view for the vortex structure around two blade tips at the time 4/4T. It can be seen that two main tip vortices are formed and expanded along with the rotations. A certain flow with downwash velocity from the tip vortex of the upstream blade tip detaches the downstream blade suction surface and then directly engages into its tip vortices.
Effect analysis of the coaxial rotor configurations
The experiments in Huo et al.
14 analyzed the effects of rotor locations and switching speeds in terms of the global performance as well as the static and total pressure distributions along several axial shroud stations. To provide a deep view on the effects of different rotor configurations, the computations in this section focus on the analysis of the unsteady flow field of different rotor configurations.
Inner rotor distance
Correspondent to the experiments, two same rotor locations SDR80-40 and SDR80-20 were chosen. SDR80-40 means the SDR with the first rotor located 80 mm from the inlet and the second rotor located 40 mm from the first rotor. The same is for SDR80-20, which has a different IRD 20 mm. The computations were made at the same rotational speeds 6000 r/min as the experiments for the convenient of comparisons. Table 3 shows the comparisons on different performance parameters between computations and experiments. It can be observed that, taking the rotational speed as a reference, the computations usually obtain more mass flow compared with experiments. From the validations of the computation introduced in Validations section, the difference can be decreased by using the reference of the mass flow. From Table 3 , the same conclusion as experiments can be observed that the SDR system performance is not sensitive to IRDs. With two different IRDs, the differences are quite small concerning the thrust performance and rotor efficiency-FoM.
Since the upstream rotor affects greatest the downstream rotor when two rotors overlap, the comparison on the flow fields of two IRDs is hence made at the time 4/4T. Comparing the vorticity developed in the axial flow direction at the radial position 0.8 Rr of two IRDs in Figure 18 (a), it is evident for short IRD 20 mm that the wake of the upstream rotor blade is greatly engaged into the downstream one. Such interaction becomes weaker with a larger IRD 40 mm. However, the larger IRD allows the wake evolve longer.
The intensity of vortex and the space between rotors for vortex development balance their impact on the system performance. The typical vortex or wake usually occurs not only between rotors but also in the downstream rear rotor. Figure 19 shows the vorticity distribution on the symmetric surface in the downstream rear rotor. Three main wake structures can be observed around the end of the hub, the shroud trailing edge, and the downstream free flow, respectively. Globally, the intensity of the wake for larger IRD of 40 mm is stronger than the one for shorter IRD of 20 mm, while the wake scale of the system with IRD ¼ 40 mm is smaller. The wake with stronger intensity can lead to a greater loss, but the loss can be restricted by a shorter IRD. Therefore, similar with the aforementioned analysis for Figure 18 , different IRDs cannot lead to a great difference on the system performance.
Switching speeds
From the experiments, 14 switching speeds means exchanging the rotational speeds of two rotors, which can affect the system performance. The experiments indicated that the systems with two rotational speeds switched show a general similar performance. However, the optimal performance is always found for the system with the upstream rotor rotating more slowly than the downstream rotor. To explore the potential physical principles behind this phenomenon, two pairs of rotational speeds R1 ¼ 6000 r/min, R2 ¼ 9000 r/min (6000-9000) and R1 ¼ 9000 r/min, R2 ¼ 6000 r/min (9000-6000) were chosen for computations as same as experiments. Table 4 shows the comparisons between computations and experiments at two rotational speed pairs. Unfortunately, the results of computations show an opposite conclusion: the system performance benefits from the rear rotor rotating at a lower speed than the upstream one, which allows the system aspirate more mass flow. The greatest difference occurs on the rear rotor performance with the rotational speed 9000-6000. Since the mass flow obtained by the computation is similar with the experiment, it means the rotors have similar inflow conditions at the inlet. The main reason for the difference is thus from the flow condition on the rear blade itself which results in different thrust and torque generations. Under the influence of the upstream rotor rotating at an extremely high speed, the rear rotor almost behaves like a windmill, under which the velocity angle is far from the perfect incident one. At this situation, the computation is probably cannot so precisely capture the flow deterioration and thus deviates from the experiment.
Conclusions
To explore the detailed flow characteristics, taking the SDR used in the experiment as a reference, the paper conducted a full 3D RANS numerical computation. Instead of the actuator disc which is usually used as the simplicity of actual rotors, the computation in this work included the real double rotor with the contrarotating motion for exploring not only the global performance, but also the detailed flow characteristics of the SDR system. Focusing on the rotor configurations, the effects of IRD and switching speeds were also analyzed through computations for further optimizations. The main conclusions are obtained as follows:
1. Through validations by the experiments under two chosen references as mass flow and rotational speeds, it indicates that the computation using sliding mesh method and a computational field with an extended downstream nozzle zone can effectively work. It can probably solve the flow passing through the SDR system.
2. Based on a time-averaged solution of unsteady computations, the 3D computation reveals the steady flow characteristics: in view of the mean static and total pressure, the flow suffers losses from the viscosity of the wall boundary and the vortex. Compared to the upstream flow, the downstream flow after the rear rotor shows more uniform flow features, which implies that the rear rotor turning at opposite direction greatly compensates the swirl produced by the upstream rotor. 3. The unsteady computation shows that a circumferential distribution no longer exists in unsteady flow. A strong tangential component of velocity which corresponds to a complex flow pattern follows the blade rotation and presents around both the blade tip and the root. The flow along the span further identifies that a strong wake interaction occurs around the blade tip and root. Particularly at the blade tip, two main structures of tip vortices were obtained by the streamlines. All of these features dominate the flow unsteadiness. 4. Setting the second rotor backwards decreases the wake scale but increases its intensity in the downstream computational zone, which balances their effect to the system performance. This implement the experiment conclusion: the system performance is not sensitive to the IRD although a shorter IRD 20 mm shows a better performance compared to IRD of 40 mm. 5. For the effect of switching speeds, the computation is not able to achieve the same phenomena as in experiments which concluded that the upstream rotor rotating at a lower speed compared to the rear rotor can obtain a better performance. The computation cannot precisely solve the complex flow of the rear rotor which is almost under the condition of windmill due to the fast rotating of the upstream rotor. 
